Aims: Acupuncture has been reported to affect vascular dementia through a variety of molecular mechanisms. An isobaric tag for relative and absolute quantification (iTRAQ) with high-resolution liquid chromatography-tandem mass spectrometry (LC-MS/MS) analyses makes it possible to attain a global profile of proteins. Hence, we used an iTRAQ-LC-MS/MS strategy to unravel the underlying mechanism of acupuncture.
has proved even more elusive than for AD. Cholinesterase inhibitors and memantine as two best studied treatments, both of which are proven therapy for AD, have not been shown to be effective for VaD. 4, 5 Acupuncture is a nonpharmacological therapy that has been extensively tested in patients with VaD in China. 6, 7 Several clinical studies have shown therapeutic benefits of acupuncture in patients with VaD. 8, 9 However, the molecular events associated with acupuncture are not clearly understood. Acupuncture has been shown to protect cells from the neurotoxicity induced by brain ischemia by exhibiting antioxidative and anti-inflammatory effects or regulating various signaling pathway. [10] [11] [12] [13] Given that, there may be not a single or a small amount of protein, but a variety of candidate proteins involved in the acupuncture treatment benefits. Moreover, among the 361 acupoints, ST36 and GV20 are the most commonly used acupoints for the treatment of neurological diseases.
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The development of quantitative proteomics technologies using the isobaric labeling strategy has made it possible to obtain global physiological profiles of VaD rats with acupuncture at the protein level. An isobaric tag for relative and absolute quantification (iTRAQ)
is a common technique widely used in various areas for simultaneous quantification of 4-or 8-plex samples. 14 The subsequent use of high-resolution liquid chromatography-tandem mass spectrometry (LC-MS/MS) analyses provides accurate relative ratio between protein concentrations, presenting in different samples. 15 Despite having immense potential to elucidate the underlying mechanism of acupuncture, proteomics studies of VaD treated by acupuncture are lacking. Therefore, this study aims to utilize LC-MS/ MS coupled with iTRAQ labeling to identify and quantify the differentially expressed proteins in a VaD rat model. Bioinformatic analysis will be used to select differently expressed proteins related to the mechanisms of acupuncture on rats with VaD. These findings may enhance understanding of the underlying mechanisms of acupuncture on VaD.
| MATERIAL S AND ME THODS

| Animals
Eight-week-old male Wistar rats (280-320 g, housed under 12-hours light and dark conditions with food and water available ad libitum)
were used in this study. All animals were provided by the Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). This study was carried out in accordance with the recommendations of the
Guide for the Care and Use of Laboratory Animals and approved by the Ethics Committee for Animal Experimentation and Use
Committee of China Academy of Chinese Medical Sciences.
| Experimental design
| Experiment 1
To compare the effect of acupuncture at proper acupoints on the cognitive deficits with that of placebo acupuncture (the same stimulation was applied to a non-acupoint) in a vascular dementia model, we randomly divided 24 rats into 4 groups: sham, 2VO (model only), Acu (model with acupuncture at proper acupoint), and Nonacu (model with acupuncture at a non-acupoint).
| Experiment 2
To determine the beneficial effect of acupuncture in the hippocampus of vascular dementia rats at protein level, we divided a further 18 rats (n = 6 each group) into 3 groups: sham, 2VO, and Acu.
| Experiment 3
To verify the beneficial effect of acupuncture which was confirmed by iTRAQ-based proteomics, we divided a further 18 rats (n = 6 each group) into 3 groups: sham, 2VO, and Acu.
| Experiment 4
To clarify the role of S100b in acupuncture neuroprotective effect, we divided a further 24 rats (n = 6 each group) into 4 groups: 2VO, Acu, 2VO +S100b siRNA, and 2VO +Control siRNA.
| Bilateral common carotid arteries occlusion
Bilateral surgical ligation of the common carotid arteries (2-vessel occlusion, 2VO) in rats remains the most frequently used model of vascular dementia. 16, 17 Rats were anesthetized intraperitoneally with 2.5% pentobarbital sodium (50 mg/kg). The bilateral common carotid arteries were exposed and then ligated with 5-0 silk sutures.
In the sham group, the same operations were performed without artery occlusion.
| Acupuncture treatment
Three days after surgery, acupuncture was performed at ST36 and GV20 (Acu) or at non-acupoint (Non-acu) once daily for 14 days
(1 day rest after 6 days treatment). Sterilized disposable needles (0.3 × 40 mm, Hwato, China) were selected to stimulate ST36 and GV20 or non-acupoints, and the location and the operated method of acupoints are shown in Table 1 . The rats in the sham and 2VO group were given the same account catching-grasping stimulus without the acupuncture stimulation.
| Morris water maze (MWM)
To assess spatial learning and memory, rats were trained and tested in MWM after acupuncture as described before. 18 In brief, each rat was trained 3 times per day for 5 consecutive days. The rat was free to swim until it found the platform or was guided in place if the animal does not reach the platform during 90 seconds. Before removed from the pool, each rat was placed on the platform for 10 seconds. On day 6, the hidden platform was removed and the rats were allowed to swim freely for 90 seconds. We recorded the quadrant dwell time in the target quadrant and calculated it by the computer with a tracking system (TopScan Lite Animal Behavior Analysis System, USA).
| Electrophysiological recordings
Rats were fixed with a stereotaxic frame (SR-6 N; Narishige, Japan)
after anesthetized with urethane (1.2 g/kg, IP). Electrodes were positioned as our previous study. 
| Sample collection
At the termination of the experiment, rats were euthanized with a sodium pentobarbital overdose (100 mg/kg). The brains were removed, and the hippocampi were dissociated for protein extraction and proteomics analysis. The remaining brains were sectioned and were immersed in 4% paraformaldehyde to fix for histopathologic evaluation.
| iTRAQ-based quantitative proteomic analyses
In this experiment, there were three groups of rats (n = 6 per group) to evaluate the proteome regulated by ischemia and acupuncture.
Each group contained six hippocampus isolated from different animals to minimize the surgical and biological variations between individual subjects. 
| Sample preparation
| Protein digestion and peptide iTRAQ labeling
Samples (100 μg of proteins/condition) were digested with 3. 
| Strong cation exchange (SCX) Chromatography
The peptides were dried and reconstituted in Buffer A (10 mmol/L KH2PO4 in 25% ACN; pH 3.0) and fractionated using a Phenomenex 
| LC and MS/MS analyses
The reconstituted peptides were analyzed with the Q-Exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled 
| Proteomic data analysis and bioinformatics
The raw mass data were processed for the peptide data analysis using Gene ontology (GO) was performed using the bioinformatics analysis tool DAVID (https://david.abcc.ncifcrf.gov) to determine the functional classifications of the identified proteins. The interactions among these proteins regarding the biological pathways were determined using Pathway Studio software and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database to better understand these differentially expressed proteins in relation to the published literature. Significant pathway enrichment was defined as a corrected FDR of P < 0.05.
| Western blotting validation
Western blot analyses were performed to validate the proteomics results. 19 The protein samples were separated by 10% SDS-PAGE gels and transferred to PVDF membranes. The membranes were blocked with 5% non-fat milk in TBS and then incubated overnight at 4°C with primary antibodies, including antibodies against S100-B (S100B), copper chaperone for superoxide dismutase (SOD1), 14-3-3
protein epsilon (14-3-3e), high mobility group protein B1 (HMGB1), and β-actin (both at 1:1000; Abcam, USA). The membranes were then washed and incubated for 1 hour at room temperature with secondary antibodies (1:5000; Abcam, USA), and the images were captured using the Odyssey Infrared Imaging System (LI-COR Biosciences, Nebraska USA).
| Nissl staining and dihydroethidium (DHE) staining
We used a cryostat to section the frozen tissues to a thickness of 20 μm. The slides were immersed in 0.2% cresyl violet solution for 30 minutes at 37˚C followed by covered with a xylene-based mounting medium. Another investigator who was blinded observed the sections by a light microscope (Olympus).
Frozen sections were loaded with 5 µmol/L DHE (Molecular Probes) at 37°C for 60 minutes. Reactive oxygen species (ROS) fluorescence was measured by a DM 6000 B fluorescence microscope (Leica, Germany) at excitation 515 nm and emission 585 nm. Data were analyzed by the Fluoview software (Olympus). 
| Microinjection into intracerebroventricular
| Data and statistical analyses
We carried out statistical analyses with SPSS 17.0 software. All data were expressed as mean ± SEM. The Morris data were analyzed by 2-way repeated-measures ANOVA. The other values were analyzed by 1-way ANOVA, followed by a post hoc Tukey's test. The significance level was set as P < 0.05.
| RE SULTS
| Acupuncture improves cognitive functions in VaD rats
We examined spatial learning and memory in the MWM to test the hypothesis that acupuncture at proper acupoint not non-acupoint could improve cognitive function of VaD rats. As shown in Figure 1 , rats subjected to 2VO and treated with acupuncture at non-acupoint needed much more time to find the hidden platform (escape latency) compared with the sham rats. In contrast, the escape latency was significantly shortened by acupuncture as compared to the 2VO group ( Figure 1A , P < 0.01). Swim speed was unaffected by surgery or acupuncture, illustrating that four group rats had equivalent motor skills ( Figure 1B , P > 0.05). In the probe trial, 2VO rats showed a shorter time in the target quadrant compared to the sham group. However, the decreased time in 2VO group was significantly increased by acupuncture. Significant differences were found between the Acu and Non-acu groups ( Figure 1C , P < 0.01). Figure 1D shows representative diagrams of search trajectories in MWM.
Taken together, these results demonstrated that acupuncture at proper acupoint could ameliorate the behavioral impairment specifically. Considering the specificity of acupoint effects has been confirmed, we used the sham, 2VO, and Acu group in the following experiments.
| Characterization of molecular events involved in neuroprotection by iTRAQ-based quantitative proteomic analyses
| Identification of differentially expressed proteins
After analyzed as described in the method, a total of 1789 non-redundant proteins were confidently identified (Data S1). Proteins were considered differentially expressed when the expression ratios more than 1.2-fold changes while P-value less than 0.05. In total, there were 221 quantified proteins considered differentially expressed (Data S2), with 31 differentially expressed proteins (DEPs) appearing in the two comparisons (2VO group vs sham group and Acu group vs 2VO group) ( Table 2 ).
| Bioinformatics analysis
As shown in Figure 2 , the significantly enriched functional terms were performed by a GO analysis. GO analysis consists of three components:
cellular components (GO-CC), biological processes (GO-BP), and molecular functions (GO-MF). GO-CC reflected DEPs distributed in differ-
ent cell components. In our study, proteins localized in the extracellular exosome had the highest -LgP score (Figure 2A ). GO-MF showed that proteins related to protein binding and metal ion binding were most common ( Figure 2B ). GO-BP demonstrated that the oxidation-reduction process and synaptic transmission were the most heavily interfered biological processes ( Figure 2C ). Among the biological processes, we found most of them related to oxidative stress, apoptosis, or synaptic function, which have been defined as the major processes related to acupuncture effect. Therefore, we conducted a Venn diagram to find key proteins overlapping among the processes ( Figure 2E ).
We further analyzed the biological function of DEPs by using the KEGG database and mapped them to 54 pathways. The most enriched pathways are shown in Figure 2D , including neurodegeneration disease, dopaminergic synapse, oxidative phosphorylation, long-term potentiation, etc
| Validation of iTRAQ-based proteomics results
Four DEPs, namely S100B, SOD1, 14-3-3e, and HMGB1, were chosen for further validation using western blot ( Figure 3) . S100B, HMGB1, and 14-3-3e expressions were markedly upregulated in 2VO rats compared to sham rats. Acupuncture notably suppressed the upregulation of S100B and HMGB1. In contrast, the expression level of 14-3-3e
was also dramatically increased after acupuncture. SOD1 was markedly downregulated in the 2VO rats in comparison with the sham rats. Acupuncture caused a reversal in the expression of SOD1. Taken F I G U R E 1 Acupuncture improves cognitive functions in VaD rats. Quantification of A, escape latency; B, swimming speed for reaching the hidden platform during 5 days in hidden platform trial, and C, the percentage of time spent in the target quadrant in probe trial was measured in sham, 2VO, Acu, and Non-acu rats using water maze task. Values are expressed as means ± SEM (n = 6 for each group). D, Typical swimming traces of all groups on day 5 and 6. * and ** indicate P < 0.05 and P < 0.01, respectively, compared with the sham group; # and ## indicate P < 0.05 and P < 0.01, respectively, compared with 2VO group; & and && indicate P < 0.05 and P < 0.01, respectively, compared with Acu group together, western blot results confirm the consistency between the two approaches, despite slight differences between the mean values.
| Validation of molecular events
Bioinformatics analysis showed that oxidative stress, apoptosis, and synaptic function are the major processes related to acupuncture effect. To verify the three processes, we used DHE staining, Nissl staining, and electrophysiology to test ROS production, neuron apoptosis, and LTP, respectively (Figure 4 ). Compared to the sham rats, 2VO rats showed overproduction ROS, less surviving neurons, and impaired synaptic function. Acupuncture decreased ROS production, increased number of neuron, and enhanced LTP (P < 0.05).
| Validation of the protein-specific effects via used siRNA
Our results have shown that S100b is a key protein regulating three major processes, so we choose it to verify its relationship with cognitive function. S100b siRNA was microinjected into rat lateral ventricle followed by Morris water maze. As shown in Figure 5 , compared with the 2VO group, the escape latency was reduced in the Acu and 2VO+S100b siRNA group (P < 0.05), and the time spent in the target quadrant increased significantly 
| D ISCUSS I ON
VaD is one of the most common causes of dementia after AD and is described as having problems with reasoning, planning, judgment, and memory caused by impaired blood flow to the brain. However, unlike AD, there are no licensed treatments for VaD. 20, 21 In this study, acupuncture at proper acupoint effectively reduced escape latency by 56.3%-67.08% reduction. Then, we used iTRAQ-based quantitative proteomic analyses to elucidate the molecular events F I G U R E 2 Characterization of molecular events involved in neuroprotection by iTRAQ-based quantitative proteomic analyses. All identified proteins were functionally annotated in GO database A-C, according to their biological process, cellular component, and molecular function. D, All identified proteins were functionally annotated in KEGG database. E, Dysregulated proteins functionally annotate to cellular processes of oxidative stress, apoptosis, and synaptic function involved in the beneficial effect of acupuncture. To our knowledge, this is the first comparative proteomic study to explore the mechanisms of acupuncture in VaD rats at protein level. In total, we identified 31 DEPs which are susceptible to ischemic injury and acupuncture simultaneously-most of them involved in oxidative stress, apoptosis, and synaptic function.
Numerous clinical and animal studies have demonstrated that acupuncture could improve learning and memory ability. [22] [23] [24] In our experiments, acupuncture at proper acupoint not non-acupoint improved spatial learning and memory ability of VaD rats, which indicated that the effect of acupuncture has acupoint specificity.
However, the explicit mechanism of acupuncture in treating VaD is unclear. In VaD, chronic hypoperfusion leads to a decrease in cerebral blood flow, hypoxia, and oxidative stress and triggers inflammatory responses. Hypoxia-induced oxidative stress leads to mitochondrial dysfunction, microglial activation, neuronal damage, and apoptosis via multiple signal pathways. 25 The hippocampus, as the core for spatial learning and memory, is highly susceptible F I G U R E 3 Western blot analysis to verify selected differentially expressed proteins. Candidate proteins were examined and normalized to β-actin levels (n = 6, hippocampus). * and ** indicate P < 0.05 and P < 0.01, respectively, compared with the sham group; # and ## indicate P < 0.05 and P < 0.01, respectively, compared with 2VO group F I G U R E 4 Molecular and cellular events involved in the protection of acupuncture against ischemic injury. A, 2VO strongly inhibited the induction of LTP, and acupuncture reversed the inhibition. B, The evoked synaptic responses were summarized by calculating the average of field excitatory postsynaptic potential (fEPSP) slope 5-60 min after high-frequency stimulation (HFS). C, Representative images of Nissl staining (hippocampus CA1 area). Scale bars, 50 μm. D, Quantification of the number of Nissl positive neurons. E, Representative images of DHE staining (hippocampus CA1 area). Scale bars, 50 μm. F, Quantification of fluorescence intensity of the DHE channel. n = 6. ** and *** indicate P < 0.01 and P < 0.001, respectively, compared with the sham group; ## and ### indicate P < 0.01 and P < 0.001, respectively, compared with 2VO groups ] to hypoperfusion-induced lesions. Our previous study proved that acupuncture could activate the antioxidant effects or reverse hippocampal mitochondrial dysfunction to prevent spatial memory deficits. 26, 27 The major cellular processes observed in our proteomic changes were associated with oxidative stress, apoptosis, and synaptic functions, revealing that acupuncture possibly regulates the brain tissue repair via regulating oxidative stress, apoptosis, or synaptic functions.
One of the main causes of VaD-induced cognitive deficits is the oxidative stress stimulated by the disruption of cerebral blood flow. 28 Oxidative stress reflects an imbalance between the overproduction of ROS and antioxidants. SOD1, one of the most common antioxidases, has an ability to remove ROS, which is often inhibited during ischemic injury. 29, 30 It means antioxidant activity is far from enough to completely remove excess ROS. Lin and his colleagues demonstrated that acupuncture could ameliorate learning and memory in rats with ischemic injury via increasing the activity of SOD1, 31 which is consistent with our results.
Overgeneration of ROS can cause cell death and apoptosis of neurons leading to permanent neuronal damage. HMGB1 is important for oxidative stress response and cell death signaling.
HMGB1 has been shown to play an important role in signaling for mitochondrial dysfunction-induced apoptosis. 32 Ding et al reported that the HMGB1 together with its receptor Toll-like receptor 4 plays a significant role in the pathogenesis of ischemicreperfusion injury and can induce apoptosis. 33 In the present study, acupuncture could reverse the expression of HMGB1 and play a role of anti-apoptotic. 14-3-3 is necessary for the presynaptic form of LTP. 35 In this study, we found that 2VO rats had hippocampal-dependent learning and memory deficits, and the deficits may be due to the changes in synaptic ultrastructure, dendritic spine density, and LTP, leading to the impairment of synaptic plasticity in the hippocampus. Acupuncture could regulate 14-3-3 expression to improve cognitive function.
Among the 31 DEPs, S100B is the only protein regulating three major processes. S100B is a well-known biomarker for the severity of F I G U R E 5 S100B siRNA injection mimicked the neuroprotective potential of acupuncture. Quantification of A, escape latency; B, swimming speed for reaching the hidden platform during 5 days in hidden platform trial, and C, the percentage of time spent in the target quadrant in probe trial was measured in 2VO, Acu, 2VO+S100b siRNA, and 2VO+Control siRNA rats using MWM. Values are expressed as means ± SEM (n = 6 for each group). D, Typical swimming traces of all groups on day 5 and 6. ## indicate P < 0.01 compared with 2VO group; && indicate P < 0.01 compared with Acu group ] brain damage and has been shown to predict prognosis after ischemic or traumatic brain injury. 36, 37 Increasing evidence has shown that an increase in the synthesis of S100B is positively associated with the neurological deficits, 38, 39 whereas S100B inhibitors exert potential neuroprotective effects against cerebral ischemic injuries. 40, 41 In our experiment, S100b siRNA was injected into rat lateral ventricle followed by Morris water maze to reveal its role in acupuncture in treating VaD. Results showed that the injection of siRNA targeting S100b had the similar effects to acupuncture on cognition, indicating S100b
plays an important role in acupuncture neuroprotective effect.
Among the protein list, there are some proteins which do not belong to the above three functions, such as pannexin-1. Pannexin-1 channels could mediate ATP efflux. Prochnow et al suggested that
ATP release through pannexin-1 channels plays a critical role in maintaining synaptic plasticity in CA1 neurons of hippocampus.
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In addition, our previous study has proven the importance of mitochondrial. In this study, there are a number of mitochondrial proteins identified, such as Tim8, Tim9, and Tom20. However, these proteins differ in the direction of fold differences, and mitochondrial function is not a significantly biology process in this study. Therefore, the roles of these proteins in acupuncture need further research.
Several studies have demonstrated that the effect of acupuncture on protein expression is dynamic (eg, HMGB1, 14-3-3). In the future research, we will collect samples at different time point after acupuncture for data validation. In addition, our results have shown that S100b plays a vital role in acupuncture neuroprotective effect. It would be worthwhile to further explore the role of S100b-mediated signal pathway in acupuncture treating VaD in our further study.
| CON CLUS ION
In this study, we applied an iTRAQ-based proteomic study to investigate the molecular mechanism for acupuncture on VaD rats.
Results suggest that acupuncture improves cognitive function with multifunctional mechanisms of action. These findings help us to get a deeper understanding of the effect of acupuncture on VaD. Finally, the therapeutic efficacy of neuroprotective acupuncture for VaD should be further tested.
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